The spark sintering technique was utilized for fabrication of titanium matrix composites consisting of a matrix of titanium and precipitated phases of TiB or TiN. Density of composites and amount of precipitated compounds could be controlled by variation of process parameters in the spark sintering. B 2 CN or BN as starting powders was decomposed, and compounds consisting of Ti and N, or solid solutions of N and C in Ti matrix were formed. The hardness also increased by the increase of TiB or TiN contents. The spark sintering at the higher temperature, 1673 K, led to enough promotion of sintering and enough precipitation of TiB as a reinforced phase, which resulted in the increase of values in hardness. The wear was promoted by three different mechanisms, an adhesive type, abrasive type and a mixture of both types, depending on the TiB amount in composites. The amount of precipitated TiB of 11-17 vol% in composites was optimum for improvement of both friction and wear properties in tests under a ring (counterface: SUJ3)-on-disk (specimen: titanium matrix composites) configuration.
Introduction
Titanium is one of structural materials having high specific strength and toughness. However, it shows poor wear-and oxidation-resistance at high temperatures. Dispersions of titanium-nitride (TiN), 1) -carbide (TiC), 2) or -boride (TiB) 3) in a titanium matrix or hard phase precipitated titanium matrix composites are promising for formation of stable interface between the matrix and their compounds, and improvement in wear resistance. 4, 5) Common methods for fabrication of metal matrix composites include vacuum sintering, hot pressing and hot isostatic pressing. These processes often require long exposure time (one to several hours) at high temperatures, leading to grain coarsening of the microstructure and preferred segregation of certain species at grain boundaries. In particular, sintering of titanium based powders, as well as aluminum based powders, is difficult even when the vacuum sintering technique is employed, because its affinity with oxygen is strong. 6) In contrast, spark sintering 7) is a rapid densification process which has the potential to minimize grain growth by enhancing sinterability through both dielectric breakdown of an oxide film between powder particle surfaces by the pulse discharge process 8) and rapid heating by unsteady heat flow in the resistance heating process. 9) Utilization of the spark sintering technique is considered to overcome the several problems mentioned above. Furthermore, use of some binders and powder lubricants in the cold press, is not necessary in spark sintering, regardless of kinds and shapes of titanium powders.
In the present study, the spark sintering technique is utilized for fabrication of titanium matrix composites consisting of the matrix of titanium and hard phases of TiB, TiN or TiC. The purpose of this study is to investigate friction and wear properties of titanium matrix composites which were prepared by control of process parameters in the spark sintering.
Experimental Procedures

Powders
Hydride-dehydride titanium powder (TSP-100) produced by Sumitomo Sitix Co. Ltd. in Japan was used as the matrix powder. The titanium powder had the purity of 99.5% and average particle size of 40 mm. BN powder (KBN(h)-sp) with the purity of 97% and average particle size of 1 mm was supplied by Shin-Etsu Chemical Co., Ltd. in Japan. Synthetic B 2 CN (B 0:47 C 0:23 N 0:30 ) powder with the average particle size of 1 mm was supplied by Yanshan University in the People's Republic of China. Graphite powder with the purity of 97% and average particle size of 10 mm was also supplied by Nacalai tesque Co. Ltd. in Japan. Titanium and other powders were dryly mixed by a V-type mixing machine and sparksintered for fabrication of titanium compounds precipitated in titanium matrix composites by internal reaction method. Their mixing ratios are listed in Table 1 and chemical compositions of spark sintered compacts are also listed in this table. The compacts of composites had the height of 5 mm and diameter of 26 mm as the values of their relative densities were 100%.
Spark sintering
The spark sintering equipment used in this study is constructed of an electric source, a pressure device and measuring system as shown in Fig. 1 . This process consists of electric pulse discharging and continuous electric current discharging.
10) The powders were electrically discharged for 0.18 ks with a pulse current of 100 A, a pulse-discharge time and -cut time of 100 ms, and punch pressure of 15 MPa. The compacts were resistance-heated to fixed maximum temperatures (1073-1673 K) and were held at these temperatures for 0, 0.3, 1.8 and 3.6 ks under an applied uniaxial punch pressure of 37.5 MPa after the pulsed electrical discharge. These conditions are also listed in Table 1 . The holding time of 0 ks means switching off electric power after reaching maximum temperatures. The temperature of a compact was estimated from that of the die in the spark sintering process, by a method that had been reported earlier.
11) The current density was 4-5 A/mm 2 at fixed maximum temperatures. The spark sintering process was carried out under a vacuum condition (<10 À2 Pa).
Microstructures
Microstructure of compact was observed by a scanning electron microscope (SEM). Quantitative and qualitative analyses were carried out by an electron probe micro analyzer (EPMA) with a wave-length dispersive spectrometer. X-ray diffraction (XRD) analysis employing Ni filtered Cu-K radiation was performed for phase identification. Vickers hardness was measured at room temperature in several compacts, under application of a load of 9.8 N for 20 s.
Friction and wear tests
Friction and wear tests were performed in a ring (counterface: bearing steel, SUJ3, with a composition of Fe-1.1Cr-1C-0.5Si-0.9Mn in mass%)-on-disk (specimen : titanium matrix composites prepared in this study) configuration in air, using an ''Ohgoshi type'' wear testing apparatus, as shown in Fig. 2 . The value in Vickers hardness was 2.45 GPa for SUJ3. The conditions in wear tests are also listed in Table 1 . Ring-rotation speed of 1.64 m/s, wear distance of 66.6 and 200 m or finally applied load of 21.1 and 192.3 N were selected in this study.
Wear tests are carried out at constant pressure (P) using a rolling ring with the radius (r) and thickness (B) in a ring-ondisk configuration, 12) as shown in Fig. 3 . The geometric relation between the depth (h) and width (b) of wear traces in a specimen is represented by neglect of elastic deformation, using eq. (1):
Equation (2) can be obtained because of h=r < 1:
Contact-area (S)-pressure (P) consisting of P t and P n (P n ) P t ), applied load (F) shown in Fig. 3 (a) are approximately represented in this test, using eqs. (3) and (4), respectively:
The wear amount (W) is geometrically shown as the volume of a shaded region in Fig. 3 (a) and represented by eq. (5):
Equation (6) is obtained as b is enough smaller than D or 2r:
Minute wear amount (dW) caused by the slide of minute distance (dl) can be represented using specific wear rate (W s ) as following eq. (7):
Because P is constant for the wear testing apparatus used in this study, F has to be proportional to ffi ffi l p , which is represented using eq. (8):
where, c represents a constant. Specific wear rate can be represented using eq. (9) which is obtained from eqs. (7) and (8):
The contact pressure is obtained by eq. (10) because there is a little change of the ratio of F 0 to b 0 during wear tests:
where, P 0 , b 0 and F 0 represent current P, b and F, respectively. Dynamic coefficient of friction () can be obtained using F and friction force ( f ) as shown in Fig. 3(b) and is represented by eq. (11):
Torque (T) caused by friction is represented by eq. (12), using the diameter (D) of the rolling ring: 
Therefore, can be obtained by eq. (13):
3. Results and Discussion
Microstructures
The microstructure of some spark sintered composites listed in Table 1 showed particles precipitated in titanium matrix composites. The compositions of obtained composites were defined by EPMA and also listed in Table 1 . The microstructures of Ti-4.6B-2.5C-3.8N sintered at 1073 or 1673 K for 3.6 ks are shown in Fig. 4 , as typical microstructures. Darker needle and plate-like phases increased as sintering temperature increased in the spark sintering. The pore was observed on the compact sintered at lower sintering temperature (1073 K), which meant lower relative density, approximately 85%, of compacts. For the Ti-4.6B-2.5C-3.8N composite sintered at 1673 K for 3.6 ks, a SEM view or concentration profiles of C, B, Ti and N are shown in Fig. 5 . Needle and plate-like phases consisted of Ti and B. N and C were homogeneously distributed in the matrix. The XRD profile obtained from the Ti-4.6B-2.5C-3.8N composite is shown in Fig. 6(a) . This composite consisted of the matrix (Ti) and precipitated phase (TiB). It is considered on the basis of shifting toward lower angle in XRD peaks for Ti that C and N formed solid solutions with Ti. B 2 CN could not remain in composites, that is, its decomposition was completely caused during the sintering.
Ti-5.3B-5.9N and Ti-4.8B-4.9C-5.3N composites sintered at 1673 K for 3.6 ks showed darker needle and plate-like phases, as shown in Fig. 7 . These phases were identified as TiB and TiN, as shown in Fig. 6(b), (c) . Identification of TiN and shifting toward lower angle in XRD peaks for Ti, means precipitation of TiN due to remain of an enough amount of N after the formation of the solid solution of C and/or N in Ti matrix, because the Ti-4.8B-4.9C-5.3N composite had higher C content, see Table 1 . It is found that B 2 CN or BN was decomposed, and compounds or solid solutions were formed, regardless of the kinds of starting powders.
It is considered that all boron in composites was reacted with Ti, which resulted in the formation of TiB. This presumption is also supported by reports. 13, 14) Volume fraction of precipitated TiB was estimated using the amount of B in composites, as listed in Table 2 . For Ti-4.6B-2.5C-3.8N sintered at 1673 K for 3.6 ks, the value (22%) of TiBarea fraction measured by an image analyzer, (shown in Fig. 4(b) ), was close to that (24%) of its volume fraction, (shown in Table 2 ).
Vickers hardness
The effect of sintering temperatures and boron contents on Vickers hardness was shown in Fig. 8 , for some composites sintered at 1073 and 1673 K for 3.6 ks. The hardness increased as sintering temperatures and boron contents increased, regardless of the kinds of composites. In contrast, the effect of sintering times on Vickers hardness was shown in Fig. 9 , for some composites sintered at 1673 K. The values of hardness depending on the kinds of composites were shown and they were almost constant, regardless of difference in sintering times, 0.3-3.6 ks. The amount of TiB in the Ti-4.6B-2.5C-3.8N composite was varied from 6 to 22% in area fraction by increase of sintering temperatures from 1073 to 1673 K, respectively, as shown in Fig. 4 . It is found that the spark sintering at 1673 K led to enough promotion of sintering and enough precipitation of TiB as a reinforced phase, which resulted in improvement of the hardness property. Furthermore, the effect of boron contents in composites on Vickers hardness was also shown in Fig. 10 , for some composites sintered at 1673 K for 3.6 ks. The values in hardness increased as the boron contents increased in composites. It is considered that the improvement in hardness properties of composites was mainly related to precipitated amount of the TiB phase, although the Ti-4.8B-4.9C-5.3N composite showed higher value in hardness due to larger amount of TiN as shown in Fig. 6(c) .
Friction and wear properties
Relation between specific wear rate and Vickers hardness was shown in Fig. 11 , for some composites sintered at 1673 K. The SUJ3 ring as a counterface showed the value of 2.45 GPa in hardness. The figure can be classified into two regions, region 1 and 2, below and above the value of 6.86 GPa in hardness, respectively. Specific wear rate decreased as hardness increased in region 1. The spark sintered compacts with TiB amount of less than 5 vol% (see Table 2 ), were present in region 1. In contrast, specific wear rate was constant in region 2, regardless of difference of values in hardness of composites. The some composites with composites spark sintered at 1673 K for 3.6 ks. TiB amount of more than 11 vol% were present in region 2. It is found that TiB amount of more than 11 vol% in composites is necessary for decrease of specific wear rate. The relation between the coefficient of friction and wear distance is shown in Fig. 12 as a typical example, using the results obtained from Ti-4.6B-2.5C-3.8N composites sintered at 1673 K for 0.3, 1.8 and 3.6 ks. The high value in the coefficient of friction showed at the initial state. The coefficient of friction reached to constant values at the steady state, regardless of the difference in sintering times. The relation between values in the coefficient of friction at a steady state and Vickers hardness was shown in Fig. 13 , using the results obtained from some composites sintered at 1673 K. The relation could be classified into three regions, region a, b and c, below and above the value of approximately 0.4 in the coefficient of friction for Ti compacts. The composites showed higher values in the coefficient of friction in region ''a'', compared with pure Ti compacts. The composites which included of TiB of less than 5 vol%, showed values of less than 6.86 GPa in hardness. In contrast, the composites showed lower values in the coefficient of friction in region ''b'', compared with pure Ti compacts. These composites which included of TiB of 11-17 vol%, showed values of 6.86-10.78 GPa in hardness. Furthermore, the composites showed higher values in the coefficient of friction in region ''c'', compared with pure Ti compacts. The composites which included of TiB of 24-28 vol%, showed values of more than 10.78 GPa in hardness. It is found that the precipitated amount of TiB of 11-17 vol% is optimum for the decrease in the coefficient of friction in this wear test.
The morphologies of the worn surfaces of the SUJ3-ring and pure Ti specimen sintered at 1673 K for 3.6 ks, and a compositional view of the SUJ3-ring or concentration profiles of Ti, Fe and B are shown in Figs. 14 and 15, respectively. Adhesive films were observed on the worn surface of the ring. Ti in the specimen was supplied on the sliding surface, see Fig. 14(b) , and adhered to the surface of the ring as adhesive films consisting of Ti as shown in Fig. 15 . Ti-concentration profile corresponded to adhesive films showing in Fig. 15(d) , on the worn surface of the SUJ3-ring. Except for the area (marked ''A'' in Fig. 15(a) and (b) ) consisting of Ti-adhesive films, Fe was homogeneously observed in its concentration profile on the curved surface of the SUJ3-ring. It is found that the wear of pure Ti specimens was mainly promoted by the adhesion mechanism. In contrast, morphologies of the worn surfaces of the SUJ3-ring and Ti-4.6B-2.5C-3.8N specimen sintered at 1673 K for 3.6 ks, were shown in Fig. 16 , as an example of wear in region c. There were many scratches on both worn surfaces in the ring and specimen. It is found that the wear of abrasive type was mainly promoted and higher values in the coefficient of friction were obtained in region c, by supply of many TiB particles on the sliding surface. Furthermore, Vickers hardness, Hv/ 9.8x10 -3 GPa Fig. 13 Relation between the coefficient of friction at a steady state and Vickers hardness, obtained from some composites sintered at 1673 K.
(a) (b) Fig. 14 The morphologies of the worn surfaces of the (a) SUJ3-ring and (b) pure Ti specimen sintered at 1673 K for 3.6 ks. Fig. 18(a) ) showing a somewhat level in Ti-concentration profile, corresponded to adhesive films showing in Fig. 18(d) , on the worn surface of the SUJ3-ring. The area which is marked ''A'' in Ti-concentration profile, corresponded to the area (marked ''A'' in Fig. 18(b) ) showing a intermediate level in Fe-concentration one on the curved surface of the SUJ3-ring. It is found in region ''b'' shown in Fig. 13 that the wear was promoted by a mixture of both adhesive and abrasive mechanisms and lower values in the coefficient of friction were obtained by decrease of the supplying amount of TiB particles on the sliding surface, compared with composites belonging to region c. It is concluded that the precipitated amount of TiB of 11-17 vol% in composites is optimum for improvement of both friction and wear properties in tests under a ring (counterface: SUJ3)-on-disk (specimen: titanium matrix composites) configuration.
Conclusions
(1) Promotion in sintering of composites and precipitated amount of TiB could be controlled by variation of process parameters, temperature and time, in the spark sintering. (a) (b) Fig. 16 The morphologies of the worn surfaces of the (a) SUJ3-ring and (b) Ti-4.6B-2.5C-3.8N specimen sintered at 1673 K for 3.6 ks.
(a)
Film Sc ra tch Fig. 17 The morphologies of the worn surfaces of the (a) SUJ3-ring and (b) Ti-2.2B-1.2C-1.8N specimen sintered at 1673 K for 3.6 ks.
